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•  First technical publication for sPHENIX 
•  Documents R&D for the calorimeter 

systems thus far 
•  Reports results for the first joint EMCal/

HCal test beam 
•  Link to paper: 

https://wiki.bnl.gov/sPHENIX/images/e/e4/
T-1044_publication_SubmissionCandidate1.pdf 

•  Wiki: https://wiki.bnl.gov/sPHENIX/index.php/T-1044_publication 
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•  We are requesting final approval for 
submission 

•  Plan to submit to IEEE Transactions on 
Nuclear Science and arXiv 

3 



•  April 2016: Test beam at Fermilab [link] 
•  September 26, 2016: Release to calorimeter 

groups for comments [link] 
•  November, 2016: Structural review by 

calorimeter experts [link] 
•  January 11, 2017: First collaboration release 

[link] 
•  March 7, 2017: Second collaboration release 

[link] 
•  March 27, 2017: Final approval release to 

collaboration [link] 
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5 
The author list is a self-identified (via the survey that was sent to the sPHENIX 
list) group of collaborators who contributed to the project. 



•  Introduction to sPHENIX 
•  Requirements for calorimetry: 

– EMCal: compact, fine segmentation, resolution 
must be 15%/√E or better 

– HCal: resolution 100%/√E or better for full 
calorimeter system  

•  Prototype EMCal and  
HCal tested at  
Fermilab Test Beam 
Facility in Spring 2016 
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•  Produced at UIUC and THP 
•  Blocks made of tungsten embedded with 

 scintillating fibers 
•  Acrylic light guides on ends attach to  

SiPMs 
•  Blocks are 1D projective 

 

•  Each of the 32 blocks in prototype are 2 towers for a 
total of 64 towers 
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•  Produced at UNIPLAST 
•  Consists of Inner (inside 

magnet) and Outer HCal 
sections 

•  Alternating layers of scintillator 
tiles and steel absorber plates 

•  Scintillator tiles made from 
extruded plastic with 
embedded wavelength shifting 
fibers 

•  Read out by SiPM 
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•  Experiment T-1044 at FTBF 
•  Beam of primary protons at 120 GeV and a 

secondary mixed beam  
•  Calorimeters were tested individually and in 

combination  
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•  EMCal calibrated with MIP events from beam 
•  HCal calibrated with cosmic MIP events 
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•  Resolution and 
linearity 
measured for:  

(top) center of a 
tower, 12.7%/√E  

(bottom) across a 
tower, 15.5%/√E  
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•  Hadron events selected 
using Cherenkov 
detectors  to measure 
hadron rejection in the 
EMCal 
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Figure 23 shows the performance of position correction740

for a sum of all events within a 2.5 ⇥ 2.5 cm2 beam cross741

that matches the full cross section of one SPACAL tower742

before and after the correction is applied. Figure 24 shows743

the result after this correction is applied to the for SPCAL744

towers produced at UIUC and THP, respectively. The745

EMCal resolution after unfolding the beam momentum746

spread is �E/E = 2.8%� 15.5%/

p
E at a 10 degree747

beam incident angle and �E/E = 14.6%/

p
E (with748

a negligible constant term) at a 45 degree beam incident749

angle.750
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Fig. 25: Hadron rejection plotted against minimal cuts on 5 ⇥ 5
tower cluster energy for beam momentum of 8 GeV/c. The T-
1044 hadron data (black curve with statistical uncertainties in
gray), which are non-electron data with the expected muon con-
tribution subtracted, are compared with ⇡

� and K

� simulated
curves with three simulation tunes, QGSP BERT HP physics
list [24] with kB = 0.0794 mm/MeV [26] (solid color lines,
the default simulation tune), FTFP BERT HP physics list with
kB = 0.0794 mm/MeV (dotted lines) and QGSP BERT HP
physics list with kB = 0.18 mm/MeV [28] (dash lines). The
beam momentum spread of around 2% presents in both data
and simulation.

An important function of the EMCal in sPHENIX is to751

provide electron identification and hadron rejection for charged752

tracks via a minimal E/p cut. As shown in Figure 25, the753

hadronic component of the test beam is selected to quantify754

the hadron rejection in the prototype, which is compared with755

various simulation tunes of GEANT4 physics lists [24] and756

Birks’ constant for scintillator non-linearity [25]. The hadronic757

shower events are selected by requiring no activity in the758

beam-line Cherenkov detectors, which are tuned to produce759

Cherenkov signals on electrons but not on hadrons. Based760

on Figure 14, the expected muon component in the beam is761

simulated and statistically subtracted from the cluster energy762

spectrum. The resulting EMCal cluster energy spectrum for763

hadron is integrated from various cut value to the max energy764

in order to estimate the number of hadron events with cluster765

energy larger than the cut. Its ratio to the total number of hadron766

events is plotted as 1/(hadron rejection) versus minimal cluster767

energy cut in Figure 25. This hadron sample contains mainly768

⇡

�. The kaon content is expected to be very small, about 1%769

of beam content at higher momenta (20-30 GeV/c) [22], and770

lower at lower momenta (4-12 GeV/c) due to the decay of771

kaons in flight. Nevertheless, for the completeness of the study,772

both ⇡

� and K

� are simulated and compared with the data.773

The 8 GeV/c result is shown in Figure 25 as a typical result,774

while this study is performed in a negatively charged hadron775

beam of 4, 8 and 12 GeV/c. All simulation tunes reproduce776

the rejection for rare high energy hadronic showers in the777

EMCal within a factor of two. Meanwhile, the simulation tune778

using QGSP BERT HP physics list [24] (same as the default779

setting) with kB = 0.18 mm/MeV [28] (higher than the default780

tune with kB = 0.0794 mm/MeV [26]) is the most consistent781

with the test beam data.782

C. HCAL Calibration783

The initial HCAL calibration was performed using cosmic784

MIP events in order to equalize the response of each tower.785

A set of cosmic MIP events were recorded prior to the test786

beam data taking in order to calibrate the detector. The cosmic787

MIP events were triggered with scintillator paddles positioned788

at the top and bottom of the HCal (in the � direction as seen789

from the interaction point). In each run, four vertical towers790

are scanned from top to bottom (e.g. Tower 0-3 in Figure 26).791

This yields eight individual runs in order to fully calibrate792

both the inner and outer HCal sections. Figure 26(b) shows793

the ADC distributions in the 4 ⇥ 4 inner HCal towers. Each794

spectrum is fitted with an exponential+Landau function, where795

the exponential function corresponds to the background and796

the Landau function represents the MIP events. As seen in797

the figure, the background component is relatively small. Clear798

cosmic MIP peaks are observed in all towers.799

The corresponding simulation of cosmic muons are per-800

formed with 4 GeV muons (the mean muon energy at sea801

level) moving from the top to down of the HCal prototype802

with our standard GEANT4 setup (Section VI). Figure 26(a)803

shows energy deposition in only one column of towers. The804

mean energy deposited by the cosmic muons in each tower is805

⇡ 8 MeV for the inner HCal. Because of the tilted plate design,806

towers at the bottom of the inner HCal have more deposited807

energy than the top ones. This feature was first observed in data808

15



•  Resolution and linearity for electrons and hadrons 

 

•  HCal ⟨Ee⟩/⟨Eπ⟩ response  
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Fig. 27: HCal Standalone measurements without the EMCal in-front. (b) HCal linearity for electrons and hadrons. The lower
panel shows the ratio of reconstructed energy and the fits. (a) Corresponding HCal resolution for hadrons and electrons. A beam
momentum spread (�p/p ⇡ 2%) is unfolded and included in the resolution calculation.
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calorimeters. These events are shown as red points in885

Figure 29.886

• FULL: This represents all hadron showers irrespective of887

their starting point. They are shown as black points in888

Figure 29. These include hadron showers that start either889

in the EMCal, inner HCal, outer HCal or MIP through all890

three calorimeter systems.891

These event categories help diagnose each section of the892

calorimeters independently as well as understanding of the893

leakage variations, shower containment and longitudinal fluc-894

tuations depending their starting position. EMCal energy was895

balanced with respect to the HCal in a similar way described in896
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Fig. 29: Hadron energy measurement with combined EM-
Cal+HCal detector. Events were sorted into three categories.
HCALOUT where showers MIPs through the EMCAL and
HCALIN. HCALIN+HCALOUT where showers MIPs through
the EMCAL. EMCAL+HCALIN+HCALOUT which includes
all the showers irrespective of their starting position.

the previous section. As expected, Figure 29 shows the fraction897

of HCAL or HCALOUT events increases as a function of beam898

energy. The peaks at the lower energy corresponds to the small899

fractions of muon events MIP through the calorimeters.900

The corresponding hadron resolution is shown in Fig-901

ure 30(a). Data are fit in a similar manner with �E/E =902

17



•  Hadron resolution and linearity in combined 
calorimeter system  

•  Satisfies sPHENIX hadron energy resolution 
requirements 
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Fig. 30: Hadron (a) linearity and (b) resolution measured with combined EMCal+HCal (sPHENIX configuration) detector setup.
Three sets of data points corresponds to the event categories shown in Figure 29. The bottom panel of (a) shows the ratio of the
measured energy and corresponding fits.

p
(�p/p)2 + a

2 + b

2
/E, i.e. with a fixed beam momentum903

spread term of �p/p ⇡ 2% subtracted from the constant904

term in quadrature. HCALOUT showers that MIPs through905

EMCAL and HCALIN has a resolution of 17.1 � 75.5%/

p
E.906

HCAL showers that MIPs through EMCAL has a resolu-907

tion of 14.5 � 74.9%/

p
E. A combined resolution of all908

the showers irrespective of their starting position (FULL) is909

13.5 � 64.9%/

p
E. Hadron resolution improves without the910

MIP cuts because it reduces the overall shower fluctuations.911

The linearity is shown in Figure 30(b). The bottom panel912

shows the ratio of the measured energy and the corresponding913

fits. We normalize FULL reconstructed showers to the input914

energy. This results in the HCAL and HCALOUT reconstructed915

showers linearity slightly below the input energies, due to916

higher leakage in those event categories.917

VIII. CONCLUSIONS918

A prototype of the sPHENIX calorimeter system was suc-919

cessfully constructed and tested at the Fermilab Test Beam920

Facility with beam energies in the range of 2-32 GeV. The921

energy resolution and linearity of the EMCal and HCal were922

measured as a combined calorimeter system as well as in-923

dependently. The energy resolution of the HCal is found to924

be � E/E = 11.8% � 81.1%/

p
E for hadrons. The925

energy resolution of EMCal for electrons is 1.6%�12.7%/

p
E926

for EM showers that hit at the center of the tower and927

2.8% � 15.5%/

p
E without the position restriction. Part of928

the EMCal position dependence of the shower response stems929

from the non-uniformity of the light collection in the light930

guide, which will be a major focus of the next stage of R&D.931

The combined hadron resolution of the full EMCal and HCal932

system for hadrons is 13.5% � 64.9%/

p
E and is consistent933

with the standalone HCal results. All of these results satisfy934

the requirements of the sPHENIX physics program. Excellent935

agreement between the test beam results and GEANT4-based936

sPHENIX simulation is observed giving confidence to the937

use of additional simulation studies in the final research and938

development of these detectors.939
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•  Energy resolution for: 
– Electrons that hit the center of the EMCal is 

1.6%⊕12.7%/√E 
– Electrons without position restriction in EMCal is 

2.8%⊕15.5%/√E   
– Hadrons in the HCal alone is 11.8%⊕81.1%/√E  
– Hadrons in the full calorimeter system is 

13.5%⊕64.9%/√E  
•  Agree well with simulation 
•  Satisfy the sPHENIX requirements 
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